AGILE is a γ/X-ray telescope which has been in orbit since 23 April 2007. The γ-ray detector, AGILE-GRID, has observed Galactic and extragalactic sources, many of which were collected in the first AGILE Catalog.
INTRODUCTION

AGILE
1 is an Italian Space Agency (ASI) Small Scientific Mission for high-energy astrophysics launched on April 23, 2007, composed of a pair-production Gamma Ray Imager (GRID) sensitive in the energy range 30 MeV-50GeV, an X-ray Imager (Super-AGILE) sensitive in the energy range 18-60 keV, and a Mini-Calorimeter sensitive to photons and charged particles with energies between 300 keV and 100 MeV. AGILE has detected both persistent and variable sources, many of which were collected in the first AGILE Catalog. 
PRE-FLIGHT CALIBRATION OF ON-BOARD TRIGGER
The AGILE-GRID is a pair-production telescope with 12 planes of solid-state silicon strip detectors, the first 10 of which contain a tungsten pair conversion layer. 3 The size of the tungsten-silicon tracker is 38.06 × 38.06 × 21.078 cm a and its on-axis depth totals 0.8X radiation lengths. Monte Carlo simulations 4, 5 were used to determine which on-board filter strategy would produce the reduction in particle and albedo background required by telemetry constraints while maintaining an acceptable effective area for photons, resulting in hardware on-board triggers 6 and on-board simplified Kalman filter 7 for event reconstruction and albedo rejection. These simulations were validated with pre-flight beam tests with cosmic-ray muons in the clean rooms of Laben (Milan) and CGS (Tortona) 6 and beam tests with γ-rays at INFN Laboratori Nazionali di Frascati.
8, 9
3. ON-GROUND BACKGROUND REJECTION FILTER
Description
Additional processing is required on the ground in order to further reduce the particle background. Detailed analysis of event morphology is used to distinguish photons from charged particles. The first on-ground filter to be used with real flight data F4, used a hard decision tree and severe cuts for photons more than 40 • off-axis to limit contamination by cosmic-ray electrons and positrons. Beginning with AGILE Public Data Release v2.0 in October 6, 2009, F4 was replaced by two new filters. A more permissive filter using multi-variate analysis, FT3ab, was developed. Further development of the multi-variate analysis technique combined with some of the F4 criteria produced a more advanced filter, FM3.119 (also known as FM ), which provides a good tradeoff between effective area and background rejection. Each event is classified as a likely gamma-ray (G), uncertain (L), a particle (P ) or a single-track event (S ). In practice, all scientific analysis except for pulsar timing has used G events exclusively.
Monte Carlo simulations
In order to improve and extend the instrument response matrices, we performed additional Monte Carlo simulations after the launch of AGILE. For each set of instrument coordinates (off-axis angles of 1,30,35,40,45,50, and 60
• and instrumental roll angles of 0 and 45 • ), N tot = 59 × 10 6 events were generated from a source with spectral index α = −1.7 with energies ranging from 4 MeV to 50 GeV. The events were processed using the on-board filter and on-ground event reconstruction procedures. 
Effective area
For the sensitive area matrix as a function of instrument coordinates, the events for each event classification were separated into N b = 16 energy bins whose boundaries are 10, 35, 50, 71, 100, 141, 200, 283, 400, 632, 1000, 1732, 3000, 5477, 10000, 20000, and 50000 MeV. For each energy bin E i , the number of events classified as event class C, is N (E i , C). The effective area A ef f (E i , C) is then defined as
where
GeV and E min = E 1 = 10 MeV. Some example results are shown in Figure 1 .
Energy dispersion
The AGILE energy dispersion matrices use the same energy channels for the true and reconstructed energies. For each event class and set of instrument coordinates, the energy dispersion is the fraction of events within a given true energy channel whose reconstructed energy lies within a given reconstructed energy channel. The energy dispersion for the G event class of the FM3.119 filter (hereafter referred to as FMG) for selected energy channels at 30
• is shown in Figure 2 . Note that a substantial fraction of photons with energy below 100 MeV have reconstructed energies above 100 MeV, implying that a substantial fraction of events with reconstructed energies above 100 MeV will have true energies below 100 MeV for most astrophysical γ-ray sources, which tend to have spectral indices α ≈ −2. Any γ-ray source which emits primarily below 100 MeV will also be detected in the nominal E > 100 band. Meanwhile, a majority of photons above 1 GeV have reconstructed energies below 1 GeV. Any γ-ray source which emits primarily above 1 GeV will have most of its flux detected in the nominal 400 < E < 1000 MeV band. Both of these effects are due to the limitations of multiple scattering as the primary method of energy reconstruction; at lower energies, a certain fraction of events will nevertheless be scattered at small angles (where the peak of the angular distribution lies), while at high energies the spatial resolution of the strip detectors can no longer measure the scattering angle and the mini-calorimeter reaches its saturation point. The relationship between true and observed energy is demonstrated by some examples in Figure 2 and the contour plot in Figure 3 . The AGILE-GRID analysis software takes these factors into account, but discrepancies may arise if the spectral index is fixed to the wrong value or if the spectrum diverges significantly from a power law. • off-axis with filter FM3.119G at 100, 400, and 1000 MeV. The I0007 and I0010 PSD files were created by binning the raw Monte Carlo data, dividing the histogram by sin(ρ) and normalizing.
Point spread function
FLUX, SPECTRA AND PSF OF REAL SOURCES
Every physical point source can be decomposed into a series of monoenergetic point sources whose fluxes are equal to the differential flux of the point source at each energy given the original flux and spectrum. Each monoenergetic point source has a well-defined effective area, energy dispersion, and point spread dispersion. These quantities are used to calculate the composite effective area and point spread functions of the physical source as a function of its spectrum and coordinates in the instrument frame.
Effective area
Suppose that a γ-ray source has a power-law spectrum dN/dE = N E −α . Then the flux in the energy channel between E i and E i+1 is
and the total flux F =
If an instrument with effective area A i in each energy channel i is exposed to the source for time t, the number of counts in each energy channel is
If the energy dispersion matrix EDP (i, j) is the fraction of photons whose true energy lies in energy channel i which have observed energy within energy channel j, the number of counts in each observed energy channel is Therefore the total number of counts whose observed energies lie between E min and E max is
Solving for N , we find
j=jmin EDP (i, j) and therefore the effective area for counts with observed energy between E min and E max is
All quantities are a function of incidence angle in instrument coordinates, event type (G) and filter (FM ). As of this writing, a simpler formula for the energy weight, not taking into account the energy dispersion,
i ) has been used, where f (E i ) was initially equal to 1 for the first version of the instrument response matrices used at the beginning of the mission (I0007), and determined post-hoc as a function of energy and instrument coordinates according to the procedure in Section 5.1 (I0010), introduced publicly in the ASDC reprocessed data release (v5.0) on December 21, 2010.
However, we have found too limited the range of spectral indices for which this simplified formula is applicable, and are implementing the correct formula in the soon-to-be-released BUILD 22 of the software.
Point spread function
The point spread dispersion for a physical source is
and all quantities are a function of incidence angle in instrument coordinates, event type (G) and filter (FM ). The versions (I0007/I0010) of the PSD files used from the beginning of the mission have used histograms taken directly from the Monte Carlo simulations. New PSD files (I0023) to be introduced in an upcoming software release contain values derived from a fit to the Monte Carlo data using a King function, 10, 11 which has three parameters, N , the (arbitrary) normalization, δ, the characteristic width, and γ, which is relates to the relative strength of the core vs. the tail:
The point spread dispersion matrices are then filled with the values derived from the King function with a bin size of 0.1
• .
COMPARISON TO IN-FLIGHT DATA
We generated long-term integrations of AGILE-GRID in-flight data in both pointing • . The AGILE maximum likelihood analysis was performed taking into account Galactic diffuse emission and isotropic background, and bright point sources; the Vela pulsar in the Vela region, and the Crab and Geminga pulsars and IC443 in the anti-center region, with fixed source locations and fixed, power-law spectra. Model counts were compared to data to validate the point spread function, while spectra and fluxes were compared to those published in the Fermi Large Area Telescope First Source Catalog [12, hereafter 1FGL] in order to determine the post-hoc scaling factors for the effective area.
Flux and spectra: correction factors
To create the I0010 version of the effective area matrices, we compared the fluxes obtained with the AGILE likelihood analysis of the Vela pulsar in each energy bin with those expected from the fluxes and spectra reported in 1FGL. For each energy bin from 50 MeV to 50 GeV, a linear fit was performed on the fluxes produced by the analysis (the bins from 1 GeV to 50 GeV were combined into a single bin to eliminate the curvature of the pulsar spectra). The correction factors were set equal to the inverse of the ratio between the fluxes implied by the fit parameters and the 1FGL fluxes. These were applied to the original effective areas to produce new effective areas to be used in AGILE analysis.
However, attempting to reproduce this procedure for the updated calibration files, we discovered that the fluxes and spectra of the softer spectrum of the Crab were overestimated. In fact, the likelihood analysis of the Crab pulsar using calibration files with no correction factors applied produce fluxes not far from the desired value, albeit with distortions in the spectrum.
Flux and spectra: new exposure generation routine
As a result, we concluded that scaling factors alone were unable to correct for the flux and spectra simultaneously for sources with both hard and soft spectra. We have revised the exposure generation routines to use the true effective area formula in Equation 2. The results are shown in Figures 6 and 7 . Note the remaining distortions induced by the interaction between the assumption of an unbroken law and the energy dispersion. • × 0.25
• slices. The model comprises an isotropic component, a galactic diffuse component, and a point source. The data are well-fit by the composite point-spread function assuming a spectral index of -1.66, weighted by effective area, spectrum, and energy dispersion.
PSF
The point spread functions as calculated in Equation 3 were compared to the counts maps generated by the long integrations in pointing and spinning mode for all three pulsars as both a function of energy bin and for the total energy bin from 100 MeV to 50 GeV. In all cases the PSF shows good agreement with the data. Examples are shown in Figures 8 and 9 . In each of these figures, the number of counts were integrated within 10
• × 0.25
• slices and compared to a model comprising an isotropic component, a galactic diffuse component, and a point source component whose shape is determined by the spectral index of the source and the convolution of the effective area, energy dispersion, and point spread dispersion as a function of energy and off-axis angle. The coefficients of the components were determined using the AGILE maximum likelihood analysis software.
A comparison of the 68% containment radii of the monoenergetic and composite point spread functions is shown in Tables 1 and 2 . 
COMPARISON WITH FERMI
In Figure 10 we see that although historically for E > 200 MeV, Fermi-LAT Pass 6 had a higher effective area than AGILE-GRID, at lower energies the sensitive area cuts off. In contrast, AGILE has good effective area down to lower energies. With the advent of the new Pass 7 effective area files, Fermi-LAT has begun to push down to energies E > 50 MeV. AGILE-GRID still provides a smoother dependence of sensitive area with energy. Note that Fermi-LAT analysis at low energies requires taking into account energy dispersion, in contrast to Fermi-LAT analysis at high energies.
CONCLUSIONS
The monoenergetic point spread dispersion functions and energy dispersion functions produced by Monte Carlo simulations and validated by pre-launch tests were compared to in-flight data and shown to reproduce the in-flight point spread dispersion for real sources. However, the sensitive area calculations in narrow and wide reconstructed energy bands show extreme sensitivity to the assumed spectral index due to large energy dispersion. As a result, for day-to-day analysis, correction factors were calculated and introduced into the sensitive area matrices as a theta = 25 substitute for the full energy dispersion calculation. These factors are more pronounced at lower and higher energies.
